Reduction of transient outward current (I to ) and excessive activation of Ca 2+ /Calmodulin-dependent kinase II (CaMKII) are general features of ventricular myocytes in heart failure. We hypothesize that alterations of I to directly regulate CaMKII activation in cardiomyocytes.
Introduction

Ca
2+ /Calmodulin-dependent kinase II (CaMKII) is a key mediator for the cardiac excitation and contraction coupling. However, excessive activation of CaMKII is associated with the development of cardiac hypertrophy and failure. 1 We recently reported that blocking transient outward current (I to ) in mouse ventricular myocytes by 4-aminopyrodine (4-AP) or heteropodatoxin 2 significantly increased CaMKII activity and L-type calcium current (I Ca ). 2 This effect was eliminated by CaMKII inhibition or absent in myocytes that lack I to channels. 2 Based on these findings, we propose a paradigm that a significant amount of inactive CaMKII forms molecular complex with I to channel Kv4.3 proteins in cardiomyocytes as a CaMKII reservoir. Dynamic functioning of Kv4.3-CaMKII units serves as an intrinsic modulator for CaMKII activation in the heart (see Supplementary material online, Figure) . Here, we tested this hypothesis and explored the underlying molecular mechanisms.
Methods
Isolation of adult mouse ventricular myocytes
Ventricular myocytes were isolated from the left ventricle (LV) of male mice (C57BL6, 6 weeks old, n ¼ 68) by Langendorff perfusion using collagenase (0.8 mg/mL, Worthington type II). 2 Mice were deeply sedated using sodium pentobarbital (150 mg/kg) for heart removal.
Neonatal rat ventricular myocyte isolation and adenoviral transfection
Postnatal Day 1 Sprague -Dawley rats were sacrificed by cervical dislocation. Ventricular myocytes were isolated using pancreatin (1 mg/ mL). Cells were cultured for adenovirus transfection at a multiplicity of infection (MOI) of 200 in serum-free DMEM/M199 for 48 h. † Both authors contributed equally to this work.
Fluorescence resonance energy transfer (FRET) experiments
The CaMKIIdc gene was subcloned into pAcGFP1-C1, while the Kv4.3 gene was subcloned into pDsRed-Monomer-C1. Fluorescence resonance energy transfer (FRET) images were acquired in CaMKII-GFP and Kv4.3-DsRed transfected (2 mg plasmid each for 24 h) live HEK293 cells using the sensitized emission method as previously described. 3 
I Ca recording
The whole-cell voltage clamp was used for I Ca recording at room temperature. 2 The conventional patch clamp was used to buffer intracellular Ca 2+ , while the perforated patch clamp was used to eliminate Ca 2+ buffering.
Co-immunoprecipitation
CaMKII proteins were immunoprecipitated using anti-His or anti-CaMKII antibodies, and proteins were eluted with 2× SDS -PAGE sample loading buffer containing 2% 2-mercaptoethanol and heated up to 708C for 10 min (for Kv4.3) or 958C for 3 min (for CaMKII). Total lysates and immunoprecipitates were subjected to SDS -PAGE and immunoblotting.
Antibodies and reagents
Primary antibodies used in this study include rabbit polyclonal antibody against Kv4. 
Statistical analysis
Data were reported as mean + SEM. Statistical significance was analysed by the t-test or one-way ANOVA (using Sigmastat for Windows, Version 3.5). Mann-Whitney rank-sum tests were performed if tests for normality or equal variance failed. P , 0.05 is regarded as significance.
Use of vertebrate animals
Animal use is in accordance with protocols approved by institution's Animal Care and Use Committee.
Results
Kv4.3-CaMKII units in HEK293 cell transfection system and ventricular myocytes
CaMKII immunoprecipitation was performed in HEK293 cells co-transfected with Kv4.3 and His-tagged CaMKII using anti-His antibody and in mouse ventricular myocytes and tissue using anti-CaMKII antibody. A clear band at 75 kDa representing Kv4.3 proteins was exclusively detected using anti-Kv4.3 antibody in CaMKII immunoprecipitates ( Figure 1A and B) , indicating stable Kv4.3 -CaMKII complex. The specificity of this protein association was also confirmed by the histidine-tagged pull-down assay ( Figure 1C) . To determine the activation state of CaMKII (inactive or autophosphorylated) in Kv4.3 -CaMKII complex, anti-CaMKII and anti-phospho-CaMKII antibodies were used to detect the total and autophosphorylated CaMKII from Kv4.3 immunoprecipitates, respectively. We elevated Ca 2+ in the culture medium to 3.6 mM to increase intracellular autophosphorylated CaMKII and found that the autophosphorylated CaMKII was detected at a significant level in the input (lysate) but not in Kv4.3 immunoprecipitates ( Figure 1D ), while the total CaMKII proteins were successfully detected in both sources ( Figure 1E ). These results suggest that Kv4.3 may only bind to the non-autophosphorylated (inactive) CaMKII.
Dynamic functioning of Kv4.3 -CaMKII units
We recently reported that I to channel internal pore blocker 4-AP increases CaMKII activity in mouse ventricular myocytes. 2 Here, we propose that this is a result of 4-AP-induced CaMKII dissociation from Kv4.3-CaMKII complex and subsequent activation of the dissociated CaMKII. To test this, transfected HEK293 cells were exposed to 4-AP (4 mM) or equal amount of vehicle (DMSO) for 24 h before harvest for cell lysing. As predicted, 4-AP treatment abolished co-purification of Kv4.3 and CaMKII, as in isolated myocytes (myocytes were exposed to 4-AP for 2 h at room temperature) (Figure 2A and B) . Moreover, Kv4.3-CaMKII co-purification was eliminated by calmodulin (CaM) binding site blocker KN93 4 ( Figure 2B ) but unaffected by its inactive analogue KN92 ( Figure 2C ). These results suggest that the CaM binding sites are likely the interaction targets. Figure 2G , Input). Co-IP results showed that the Kv4.3 coupling to the DC311 mutant was reduced but clearly present ( Figure 2G , IP: CaMKII), indicating that the CaMKII Cterminal association domain is unlikely required for Kv4.3 binding, although it may influence the binding efficiency. However, both DC307 and DC301 mutants with deletions of CaM binding sites had no ability to form a stable molecular complex with Kv4.3 (pcDNA3.1/His was used as negative control). These results suggest that Kv4.3 binds to CaMKII at the CaM binding sites between residues 307 and 301.
Identification of targeting sites on CaMKII
To better understand the interaction of these two proteins, the FRET technique was employed. Fluorescence resonance energy transfer occurs between two appropriately chosen fluorophores only when the distance separating them is less than 10 nm. 7 We subcloned CaMKIIdc into pAcGFP-C1 (fluorescence donor) and Kv4.3 into pDsRed-monomer-C1 (fluorescence acceptor) and then transfected these plasmids into HEK293 cells (2 mg each). Twenty-four hours after transfection, cells showed .90% transfection efficiency (confirmed by fluorescence microscope). Fluorescence resonance energy transfer was performed in these double-transfected live cells using the sensitized emission method. 3 As shown in the representative images in Figure 3A , Dynamic CaMKII-Kv4.3 unit in heart clear FRET between CaMKII-GFP and Kv4.3-DsRed proteins occurred predominantly in the cell membrane region with FRET distance of 6.2 + 0.12 nm (n ¼ 15), indicating a physical coupling of these two proteins in the cell membrane region. A region of interest where most FRET occurred was selected (as indicated in Figure 3A ) for the analysis of precise FRET (pFRET) and FRET efficiency before and after pharmacological treatments. As shown in Figure 3B and C, pFRET and FRET efficiencies were significantly reduced by KN93 but not by KN92 (15 min). In contrast, To test whether CaMKII autophosphorylation affects Kv4.3 -CaMKII coupling, we created constitutively active T287D (T287 D287) and inactive T287A (T287 A287, making the CaMKII incapable of becoming calcium-independent) CaMKII constructs by site-directed mutagenesis.
8 Each of these mutants was then co-transfected with Kv4.3 in HEK 293 cells. We found that both constitutively active (T287D) and inactive (T287A) CaMKII mutants can co-IP with Kv4.3 by immunoprecipitating either CaMKII or Kv4.3 ( Figure 3D and E, n ¼ 3). These results suggest that the coupling of CaMKII with Kv4.3 is CaMKII phosphorylation independent as long as the CaM binding sites are available. Since T287D has a high affinity for CaM, 9 it will, presumably, also have a higher affinity to Kv4.3 than WT and T287A. Indeed, at the condition of Kv4.3 overexpression (Kv4.3 overwhelms CaM), T287D
showed higher binding ability to Kv4.3 ( Figure 3E ). We note that because autophosphorylated CaMKII in cells are coupled with Ca 2+ /CaM, only the inactive CaMKII can be detected in Kv4.3
immunoprecipitates ( Figure 1D and E). As predicted, 4-AP abolished co-purification of Kv4.3 with WT CaMKII and CaMKII mutants ( Figure 3E ).
Manipulation of Kv4.3 -CaMKII coupling alters CaMKII autophosphorylation in myocytes
We have shown that I to channel blocker 4-AP induced uncoupling of Kv4.3 -CaMKII (Figure 2A and B) . Here, we observed a significant increase in CaMKII autophosphorylation in 4-AP treated ventricular Dynamic CaMKII-Kv4.3 unit in heart myocytes with the unchanged total CaMKII level ( Figure 4A-C Figure 4G ). To further demonstrate the role of CaMKII-Kv4.3 units in inhibiting CaMKII, neonatal ventricular myocytes were transfected with Ad-Kv4.3, Ad-Kv4.3 antisense, and Ad-b-gal (as control), respectively. An increased CaMKII autophosphorylation level was observed in myocytes transfected with Ad-Kv4.3 antisense ( Figure 4H and I) with a decreased CaMKII autophosphorylation seen in Ad-Kv4.3 transfected myocytes.
In vivo Kv4.3 expression inhibits CaMKII activation in the heart
An increasing body of evidence suggests that adult myocytes undergo morphological and functional transformation during longterm cell culture and therefore lose biological integrity. 11 Importantly, intracellular Ca 2+ handling mechanisms are profoundly altered during culture, 11 which may affect the functioning of CaMKII-Kv4.3 units and accordingly the CaMKII activation. To eliminate these effects, we used in vivo approach to transfect Ad-Kv4.3 and Ad-b-gal adenoviruses into mouse heart LV by multi-site virus injection. Using this method, we have achieved a transfection rate greater than 70% of the LV ( Figure 5A ). In the lysates of Ad-Kv4.3 transfected LV, a significantly reduced CaMKII autophosphorylation level was observed ( Figure 5C ). Accordingly, CaMKII-dependent phospholamban phosphorylation at Thr17 was decreased ( Figure 5D ), while levels of total CaMKII and PLB proteins were unchanged ( Figure 5E and F Figure 3A and B) where the ion channels reside, dissociation of CaMKII from Kv4.3 -CaMKII units will presumably induce a much larger increase in local CaMKII activity than general kinase activity. is critically important for the activation of CaMKII that participates in I Ca regulation, which hints at the CaMKII dissociated from membrane Kv4.3. Indeed, when CaMKII was inhibited by pipettediffused autoinhibitory peptide AIP (10 mM), 4-AP had no effect on I Ca ( Figure 6C) . Furthermore, we found that 4-AP-induced I Ca facilitation is 4-AP concentration-dependent. For instance, at holding potential (HP) of 250 mV, perfusion with 1 mM, 2 mM, and 5 mM 4-AP increased peak I Ca (recorded at +10 mV) by 6.6 + 2.6% (n ¼ 9), 16.7 + 1.5% (n ¼ 17), and 67.5 + 7.8% (n ¼ 16), respectively (P , 0.01) ( Figure 6D) . These results support our hypothesis that 4-AP effect on I Ca is associated with the extent of I to channel blocking. To further confirm this, we tested 4-AP effect (2 mM) on I Ca at HPs that favour (280 mV) and disfavour (230 mV) 4-AP binding to I to channel. 14, 15 Using this unique 4-AP binding feature, we can determine whether phosphorylation of Ca 2+ channel is caused by the CaMKII that has been associated with I to channels. As shown in Figure 6E , a significantly larger increase in I Ca was observed at HP 280 mV compared with 230 mV. To dissect the direct effect of HPs from the effect of 4-AP on I Ca , peak I Ca at HP 250 mV and 280 mV before and after exposure to 4-AP (2 mM) was nor- 
Discussion
The novel finding in our study is that we demonstrated a close coupling of Kv4.3 with CaMKII proteins (6.2 + 0.12Å in distance) and their membrane localization in myocytes and discovered a dynamic functioning of these Kv4.3 -CaMKII units which play an important role in regulating CaMKII activation by trapping the inactive CaMKII into the units to prevent Ca 2+ -induced CaMKII activation and by releasing CaMKII from the units to facilitate CaMKII activation. A recent study 16 reported that CaMKII forms a molecular complex with Kv4.3 and a membrane-associated guanylate kinase Our experiments also suggest that CaMKII autophosphorylation may not require cell contraction because a significant amount of autophosphorylated CaMKII was identified in the resting myocytes (isolated adult ventricular myocytes) ( Figures 4A and 5B) . It is possible that CaMKII, especially those localized to plasma membrane, can be autophosphorylated by the local Ca 2+ that has been permeated into the cell, e.g. via the reverse-mode NCX while I Ca does not occur. 17 We showed that dissociation of CaMKII from Kv4.3 channels induced 23% increase in bulk CaMKII autophosphorylation. Owing to membrane localization of Kv4.3 -CaMKII units, the actual increase in local CaMKII autophosphorylation is anticipated to be considerably larger. The activation of local CaMKII will induce significant LTCC phosphorylation, which in turn amplifies CaMKII activity. Therefore, the preserved CaMKII in Kv4.3 -CaMKII units is an important source for the disease-related CaMKII activation caused by Kv4.3 reduction. Considering that LTCCs are co-localized with ryanodine receptors in the junctional microdomain between SR and sarcolemmal membrane, 18 it is reasonable to predict that the CaMKII localized to the junctional microdomain between SR and sarcolemmal membrane will be first and more significantly activated in HF where Kv4.3 expression is reduced, which significantly affects the cardiac E-C coupling. Furthermore, activation of membrane-localized CaMKII directly phosphorylates several membrane ion channels, such as LTCCs, 19 potassium channel, and fast sodium channel (see review from Bers and Grandi 20 ), which exacerbate the cardiac pathological progression. On the other hand, CaMKII-dependent phosphorylation changes the gating of Ca 2+ channels and Na + channels, which favours arrhythmogenesis. 21, 22 I to reduction is a well-known feature of HF ventricular myocytes, and this remodelling occurs at the early stage of disease while CaMKII activity is increased. 23, 24 The majority of experiments in HF animal models and patients have correlated the decrease in I to with the reduction of Kv4.3 expression. 23, 25, 26 We have demonstrated that Kv4.3 overexpression significantly reduces CaMKII activity in ventricular myocytes (in vitro and in vivo) and completely eliminated the Ca 2+ -induced CaMKII activation. These results suggest that overexpression of Kv4.3 may be an effective approach to prevent excessive CaMKII activation at the early stage of structural heart disease and to reduce the increased CaMKII activity in the developed HF. This leads to a new area of clinical therapeutic interest.
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